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Abstract

A ruggedness evaluation of approaches to damage threshold testing was per-
formed to determine the influence of three procedural variables on damage threshold
data. In this work, the differences between the number of test sites evaluated at an
applied fluence level (1 site versus 10 sites), the number of laser pulses at each test
site (1 pulse versus 200 pulses), and the beam diameter (0.35 mm versus 0.70 mm)

were all found to significantly influence the damage threshold data over a 99-percent
confidence interval.

Introduction

Damage Threshold Testing

Laser-induced damage to optical materials has been

the subject of significant research since the early 1960's,
and the history of this topic is summarized by Wood
(ref. 1). Laser-induced damage to an optical material is
defined as the cracking, melting, or pitting of an optic or
optical coating due to interaction with a high-energy
laser beam. The minimum applied laser energy level that
will result in damage is referred to as the damage thresh-
old and is often the critical limitation in the selection of

materials for use in high-energy laser systems.

Damage threshold testing is a controlled testing pro-

cedure used to determine the minimum applied laser flu-
ence at which an optic will be damaged. The damage
threshold of optical materials is generally determined by
using one of two procedures.

The most widely accepted procedure involves the
systematic exposure of a predetermined number of sites
on an optic to known laser fluences. In this procedure,
several spots on an optic are exposed to an incident beam
at a known fluence, as shown in figure 1. The fluence
level is then increased, and another set of controlled

exposures is performed. This process is repeated at sev-
eral flu•rice levels to ensure the accuracy of the data as
well as the uniformity of the optic (or coating) under
evaluation (refs. 1-6). Once all the planned exposures
have been performed, a plot of the percentage of dam-
aged sites observed at a given fluence versus the applied
fluence is prepared. The resulting graph shows the proba-
bility of failure at a given fluence level, and the highest
applied fluence at which no damage is observed is
referred to as the damage threshold. An example of a plot
of the probability of failure as a function of the applied
laser fluence is shown in figure 2.

Another procedure to determine the damage thresh-
old of an optical material involves the incremental

increase of a laser fluence on adjacent test sites until
damage is induced. Once the damage threshold has been
approximated, iterative increases and/or decreases in

Test optic

Figure I. Test pattern for performance of damage threshold test.
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Figure 2. Representative graph showing probability of inducing

optical damage as a function of applied fluence.

laser fluence are employed to determine the damage
threshold of the optic. This procedure is not as structured
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as the previously described process but is particularly

useful when the available testing area is limited (ref. 2).

Sources of Variability in Damage Testing

The damage threshold of optical components is

dependent upon several operational parameters, includ-

ing the wavelength _., pulse length, and polarization of
the incident laser beam used for testing. Additionally,

recent interlaboratory tests (refs. 7-10) have shown that

the damage threshold of optical components is also

dependent upon several procedural variables. In this

round-robin study, similar optics were distributed to

eight damage-testing facilities for testing at _, = 1.06 I.tm.

Each facility performed damage threshold tests on the

specimens and documented the operational conditions
under which the data were obtained. The damage thresh-

olds reported by the different laboratories were found to

vary greatly because of the differences in the procedures

employed at the various testing facilities. Besides the

cleaning and handling procedures employed, procedural
variables found to influence damage threshold data

included the number of sites tested on a single optic (a),

the number of laser pulses each test site was exposed to

(b), and the diameter of the incident beam (c).

Ruggedness Testing

Ruggedness testing (ref. 11) is a procedure for evalu-

ating the resistance of a test protocol to bias due to varia-

tions in the test procedure. This evaluation technique

employs Plackett-Burman experimental designs, which

permit the evaluation of N-1 variables with N experi-
ments. The ability to evaluate variables with a minimal

number of experiments makes Plackett-Burman designs

attractive for the evaluation of laboratory test procedures,

as compared with other experimental designs. For exam-

ple, the use of full factorial experiments would require

the completion of 2N experiments, making the perfor-

mance of a full factorial experiment a time and labor

intensive endeavor. The experimental matrix for a three-

factor ruggedness experiment is shown in table I. In this

table, the plus (+) and minus (-) signs refer to the high

and low experimental levels under investigation.

Table I. Design of Three-Factor
Ruggedness Test

Experiment -a b c Trial J - Trial 2

1 + + -

2 - - -

3 - + +

4 + - +

As shown in table I, each procedural variable under

investigation is evaluated at two experimental levels, and

the significance of the difference between the data

obtained at each experimental level is evaluated by using

t-tests. Once all the experimental data have been gath-

ered, the value for tN--1 (t at N-1 degrees of freedom) is
calculated from the relation

Average effect (1)

where d is the difference between effects and N is the

total number of experiments performed. Once iN_ 1 is cal-
culated for each of the three variables, the calculated

value is compared with the critical value for t (ref. I2). If

the calculated value for tN_ 1 exceeds the critical value for
t, a significant difference is said to exist between the two

experimental levels. However, if tN_ 1 is less than the crit-

ical value for t, the procedure is said to be "rugged"

against that operational parameter (ref. 11).

Ruggedness tests are particularly useful in develop-

ing test procedures that must be employed in more than

one laboratory. A second laboratory may not possess the

same biases as the first, making the data obtained at the

two facilities different. By identifying all sources of vari-

ability at the development laboratory, these biases may

he eliminated, thereby smoothing the transition of a new

test procedure into other laboratories (refs. 13-14).

Experimental Procedure

Test Configuration

The damage threshold tests were performed at
_. = 532 nm with the second harmonic of a Q-switched

neodymium doped yttrium aluminum garnet (Nd:YAG)

laser (Continuum model NY-61) with a pulse length of

=7.5 nsec. To perform these tests, the incident beam was

directed toward the test optic as shown in figure 3.

Figure 3. Layout of optics table for damage testing.



The output energy of the Nd:YAG laser was con-

trolled with a wedge attenuator and measured using a
Molectron model 5200 power meter. Additionally, the
beam diameter and the spatial profile of the beam were
obtained by sampling 4 percent of the incident beam with
a 7° wedge, directing that portion of the beam to a Cohu

solid-state camera, and using BEAMCODE diagnostic
software (Big Sky Laser, Bozeman, MT). The M01ectron
power meter is accurate to within 0.5 percent, and the

BEAMCODE diagnostic system (including the Cohu
camera) is accurate to within 3 percent.

All the damage threshold tests were performed with
the incident beam normal to the optic being tested, and
the incident beam possessed a Gaussian fit of 94 percent
(_+1percent). After all the diagnostic information describ-

ing the incident beam was obtained, the applied fluence
was calculated from the relation (ref. 1)

2E 0
G - 2 (2)

_W 0

where

G

w0

E0

fluence, J/cm 2

Gaussian beam radius at optic being tested, cm

average energy, J

Experiment Design

To determine the influence of different procedural
approaches to damage threshold testing, a ruggedness
evaluation was performed to determine the significance
of three procedural variables. The high and low experi-
mental levels of the three variables evaluated in this
study were

a number of sites tested at a given fluence (10, 1)

b number of laser pulses each spot is exposed to
(200, 1)

c diameter of incident beam (0.70 mm, 0.35 mm)

The values shown in the parentheses following each test
parameter are the high and low experimental levels eval-
uated in this work.

Uncoated, optical grade fused silica specimens with
dimensions of 5 cm x 5 cmx 0.16 cm (Esco Products,
Oakridge, NJ) were employed as the test specimens in
the ruggedness evaluation. Prior to testing, the optics
were drag-wiped using acetone and methanol with a lint-
free cloth. Additionally, the surfaces were cleaned with a
static-neutralizing dry nitrogen gun before and after
cleaning with solvents.

After each of the damage threshold tests was per-
formed, optical (7x-35x) and Nomarski (up to 100x)
microscopy were employed to assess the presence of

laser-induced damage in the test specimen. Graphs show-
ing the probability of inducing damage as a function of
the applied fluence were then prepared from the data
obtained in each trial. For the trials in which 10 sites

were tested at each applied fluence level, the damage
threshold was determined by estimating the x-intercept
through the use of regression analysis as described by
Foltyn (ref. 15). In the trials using one test site for each

applied fluence level, the probability of inducing damage
was either 0 or 100 percent. As such, linear regression

analyses were not applicable. Therefore, in these experi-
ments the damage threshold was defined as the highest
nondamaging fluence observed. Once the damage thresh-
old was determined for all the experimental trials, the
significance of each parameter under investigation was
calculated over a 99-percent confidence interval as
described in reference 11.

Experimental Results

The damage threshold data obtained by performing
tests according to the experimental design ranged from
21.5 J/cm 2 to 131.8 J/cm 2, depending upon the experi-
mental conditions employed in the performance of the
test. A Nomarski image of a laser-induced damage site is
shown in figure 4. Additionally, plots of the probability
of inducing damage versus applied fluence for all trials
are shown in figures 5 to 8. The damage threshold data
obtained from these plots is summarized in table II.

Figure 4. Nomarski microscope image of laser-induced damage in
fused silica test specimen (magnification 75x).
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Figure 5. Damage threshold data for trials 1-1 and 1-2.
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Figure 7. Damage threshold data for trials 3-1 and 3-2.
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Figure6_ Damage threshold data for trials 2-1 and 2-2.

--- The caqculated values of tN_ 1indicate that the differ-

ences between the high and low experimental levels for
the number of sites tested at each applied fluence, the

number of shots to which each site was exposed, and the
diameter of the incident beam were significant over a
99-percent confidence interval. The results of the rug-

gedness calculations are shown in table IlL
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Figure 8. Damage threshold data for trials 4-1 and 4-2.

Discussmn

The first procedural variable found to influence the

damage threshold was the number of sites evaluated at

each applied fluence. In this study, the damage threshold

data obtained by using I test site per fluence was found

to be significantly different from the damage threshold



Table II. Damage Threshold Data Obtained by Performing
Test According to Experimental Matrix

Experiment a b c

+ + --

-- + +

+ -- +

Thai 1 Trial 2
threshold, threshold,

J/cm2 J/cm2

74.0 64.6

131.8 131.8

24.1 21.5

22.6 22.9

data obtained by using 10 test sites for each applied flu-
ence. This finding indicates that a representative portion
of an optical surface should be tested to obtain an accu-

rate measure of the damage threshold.

In addition to the number of sites tested at each

applied fiuence, the damage threshold test procedure was
also found to be dependent upon the number of laser
pulses to which each test site is exposed. In this work, the
difference between single-pulse and 200-pulse exposures
was found to yield significantly different damage thresh-
old values over a 99-percent confidence interval. This
finding is in agreement with other published results,
where the use of multipulse testing yielded lower damage
threshold values than single-pulse tests (ref. 1).

In practice, the exposure of single test sites to single

laser pulses is referred to as I-on-1 testing, while the

exposure of a single test site to multiple laser pulses is

referred to as n-on-1 testing. One-on-1 damage threshold

tests are designed to provide optics users with a measure

of the initial quality of an optical component, whereas

n-on-1 testing is more applicable to the evaluation of the

lifetime performance of an optic when exposed to a con-

tinuously pulsed laser operating at a fixed repetition rate

(ref. 3). Although these two procedures have different

objectives, the measure of the initial quality of an optic is

sometimes characterized by using multipulse exposures

as described in references 6 through 9. These results
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Figure 9. Difference in damage threshold obtained with beam
diameters of 0.35 and 0.70 mm.

show that a significant difference in the damage thresh-
old data is attributable to the difference between single-
and 200-pulse exposures. As limited data are available
on the variability of damage threshold due to the number
of pulses n used in the procedure, initial quality determi-
nations should be performed by using a single-pulse test
protocol.

The third variable evaluated in this stud), was the
beam diameter. In this work, a 0.35-mm beam diameter

was found to yield damage threshold data significantly
different from those obtained with a 0.70-mm beam

diameter over a 99-percent confidence interval. At the

smaller beam diameter, the average damage threshold
obtained was 100.6 J/cm 2 with a standard deviation of

36.3 J/cm 2 (or 36 percent). However, when the larger

beam diameter was employed, the average damage
threshold obtained was 22.8 J/cm 2 with a standard devia-

tion of 1.1 J/cm2 (or 4.8 percent), as shown in figure 9.

The trend of increased accuracy with increasing spot
size is in agreement with the previous findings of Foltyn

Factor Level

a I0 sites/fluence
a 1site/fluence

b 1shot/site

b 200 shot/site
c 0.35 mm

c 0.70 mm

Table III. Results of Ruggedness Calculations on DamageThreshold Data

Trial 1 threshold, J/cm2

Average Effect
48.3
78.0 -29.7

77.2

49.0 28.2

102.9

23.4 79.5

Trial 2 threshold, J/cm2

Average Effect
43.8

76.7 -32.9

77.4

43.1 34.3

98.2

22.2 76.0

Difference,
J/cm2

3.2

-6.1

3.5

t statistic
(calculated)

*-14.93

"15.39

*76.95

*Significantat99-percentconfidenceinterval(threedegreesof freedom).
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(ref. 15). In that work, the increased accuracy of the dam-

age threshold data obtained with larger spot sizes is
attributable to the increased area of the optical surface

sampled by the incident beam. By employing larger

beam diameters, the probability of sampling a represen-

tative portion of the optical surface is increased, thereby
increasing the accuracy of the data. Conversely, the use

of smaller diameter beams does not test a representative

portion of the optical surface, thus inducing variability

into the damage threshold data.

The identification of sources of variability in a test

protocol is a critical step in ensuring the accuracy of that

procedure. Otherwise, the test may yield data that falsely

exaggerate differences among similar articles or artifi-
cially inflate a reported damage threshold value. Because

damage threshold data are often employed as a quality

control indicator by optics manufacturers, and as a means

of assessing the initial quality of procured optics by laser

engineers, it is necessary to identify and avoid sources of

variability in the damage threshold test procedure.

Conclusions

In this work, a ruggedness evaluation was performed

to evaluate the influence of three procedural variables on

the laser-induced damage threshold test procedure. The

results of this study indicate that the damage threshold

testing procedure is dependent upon the number of sites

tested at each applied fluence, the number of laser pulses

to which each test site was exposed, and the diameter of
the incident laser beam. The combined results of this

work indicate that by sampling larger portions of the

optic through the use of both multiple test sites and large

spot sizes, an accurate determination of the damage

threshold of an optic can be made with a 1-on-1 damage

threshold test protocol.

NASA Langley Research Center

Hampton, VA 23681-0001

January 5, 1995
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